We propose a novel high-birefringence index-guiding photonic crystal fiber (PCF). This PCF is composed of a solid silica core and a cladding with rotational squeezed-triangular-lattice elliptical air holes, which consist of binary unit cells. The birefringence of a fundamental mode in such a PCF is analyzed numerically using the finite element method. A binary unit cell in a PCF cladding that combines its rotational effects can enhance the birefringence as high as a magnitude of the order of 10 À2 . This study provides a new viewpoint for the characterization and design of a high-birefringence PCF.
We propose a novel high-birefringence index-guiding photonic crystal fiber (PCF). This PCF is composed of a solid silica core and a cladding with rotational squeezed-triangular-lattice elliptical air holes, which consist of binary unit cells. The birefringence of a fundamental mode in such a PCF is analyzed numerically using the finite element method. A binary unit cell in a PCF cladding that combines its rotational effects can enhance the birefringence as high as a magnitude of the order of 10 À2 . This study provides a new viewpoint for the characterization and design of a high-birefringence PCF. In recent years, photonic crystal fibers (PCFs) have attracted considerable interest as an alternative to conventional optical fibers in manipulating the properties of light and the applications in optical devices. [1] [2] [3] [4] [5] [6] Due to the design flexibility and high index contrast, highly birefringent (Hi-Bi) PCFs can easily be realized. Many research studies on PCFs with the enhancement of their birefringence. One possible use of Hi-Bi PCFs is as polarization-maintaining fibers (PMFs), which can eliminate the effect of polarization mode dispersion or stabilize the operation of optical devices.
However, most of the current PMFs typically show a modal birefringence of the order of 10 À4 . In recent years, different approaches for achieving high birefringence have been explored for PCFs. Hi-Bi index-guiding PCFs with holes of different diameters along the two orthogonal fiber axes or with asymmetric core designs have been proposed. [7] [8] [9] [10] Very recently, a tremendously Hi-Bi polarizationmaintaining PCF has been proposed, 6) and their numerical results showed a group birefringence of 3:78 Â 10 À2 . Due to the gaps between the holes being very narrow, the corresponding fiber structure with its optimal structural parameters is weak under external forces. This implies that a single unit cell (the same size as an air hole) in the PCF cladding has the drawback of a narrower gap between air holes, whose sections superimpose, making the structure physically unfeasible.
Motivated by these previous works cited here and inspired by these active issues, in this study, we propose a novel structure of a high-birefringence index-guiding PCF, which is based on our previous work. 11) This PCF is composed of a solid silica core and a cladding with rotational squeezedtriangular-lattice elliptical air holes. The proposed structure is used as a binary unit cell (two rotational elliptical air holes of different sizes of) to replace the single unit cell (one size of an elliptical air hole) in the PCF cladding. The binary unit cell of rotational elliptical air holes could provide a new degree of freedom to design birefringence in optical waveguides. In addition, owing to the gaps between the two different air holes (binary unit cell) being larger than that of single unit cell (e.g., the structure shown in ref. 6 ), the corresponding fiber structure designed using the binary unit cell in the PCF cladding is stronger than that of designed using the single unit cell under external forces. The birefringence of our proposed structure contributes to the entire cladding asymmetry. The fiber core is a point defect, which is formed by the omission of one small elliptical air hole of the center of this structure, whose mode field in the core region is well confined by the rotational effect of elliptical air holes in the PCF cladding; thus, it is possible to create a Hi-Bi PCF.
PCF optical fibers with elliptical holes were experimentally realized in 2004. 12) With the development of new methods for fabricating PCFs, such as perfor drilling, sol-gel casting, and tapering, 12, 13) it is possible for us to draw PCFs with such a structure. In this paper, we discuss the origin of the birefringence and analyze its dependence on structural parameters in the proposed PCFs with elliptical air hole of different sizes in a PCF cladding. We also discuss the effect of the rings of air holes on birefringence. To our knowledge, this is the first demonstration of a high-birefringence PCF using the binary unit cell of rotational elliptical air holes in a triangular PCF cladding. Among the full vectorial methods used in modeling PCFs, [14] [15] [16] [17] [18] the finite-element method (FEM) is particularly effect at handling curved interfaces with high accuracy and obviously is the good choice for combined elliptical shape and waveguide analysis. The numerical method used in this study is FEM, which is adequate for the analysis of general dielectric waveguide geometries. It has already been successfully applied to the investigation of the dispersion properties of triangular and cobweb PCFs. 19, 20) The fiber cross sectional representation is very accurate as the domain is divided into triangular or quadrilateral subdomains, where any refractive index profiles can be properly represented. Calculations have been performed using consisteness FEM, as stated in refs. [21] [22] [23] [24] in which this method is described in detail and its convergence and suitability for computing birefringence in arbitrarily shaped scatterers are also assessed. To modelize on infinite PCF with a two-dimensional finite-geometry model (i.e., to enclose the computational domain without affecting the numerical solution), it is necessary to use anisotropic perfectly matched layers (PMLs), which are placed before the outer boundary.
The cross section of the proposed PCF is shown in Fig. 1 . We use the PCF with rotational elliptical air holes as the binary (complex) unit cell cladding; each lattice point forms the cladding consisting of a binary unit cell (two rotational elliptical air holes of different sizes) with a pitch (center to center distance between the holes), Ã ¼ 1:96 mm. As shown in Fig. 1 , r 1 and r 2 denote the half lengths of large elliptical holes along the x-(minor axes) and y-(major axis) directions, respectively. In the same manner, r 3 and r 4 represent the half lengths of small elliptical holes. The elliptical air holes are rotated by an angle of . The core is formed by the omission of one small elliptical air hole at the center of such a structure. We also define the coefficient ¼ r 1 =r 3 to determine the relationship between the large and small elliptical air holes. The refractive index of background silica is set to be n ¼ 1:45 and that of the air holes is set to be 1 in our simulation. In Fig. 1 , birefringence is introduced by the difference between the two orthogonal directions. In the x-and y-directions of two different linear, homogeneous, and isotropic dielectrics, Maxwell's equations impose boundary conditions for the normal and transverse components of magnetic fields. There is one important fact, that is, the mode fields in PCFs appear like the HE 11 mode in step-index fibers, which we refer to as HE 11x and HE 11y . The doublet components of the fundamental mode, as we know, are degenerate in conventional standard and circular air-hole triangular lattice PCF fibers. However, when the air holes are elliptical, degeneracy splits significantly. Regardless of whether both modes are confined or leaky, birefringence can be defined as the refractive indices of the x-and y-polarization modes, respectively.
To illustrate the field profile of our proposed PCFs, the fundamental mode of our designed fiber with various parameters, such as Ã Fig. 2 , illustrating the confinement of light in the PCFs. It can be observed in Fig. 2 that the x-polarized mode is stronger than the y-polarized model owing to the fact that x-polarized states have lower air filling fractions than y-polarized states. Obviously, the asymmetry formed by a binary unit cell cladding in PCFs is one of the key factors in determining the localization extent of the transverse mode. The simulation results for the x-and y-polarized modes are strongly bounded in the high-index core region, giving the birefringence Án ¼ jn [see Fig. 2(b) ], which is much higher than those obtained from a conventional stepindex fiber (10 À4 ), 7) circular air holes (10 À3 ), 3) and elliptical hollow PCFs (10 À3 ). 25) Simulation results show that the rotational effect of the binary unit cell in the PCF cladding can significantly enhance birefringence. Another significant result from Fig. 2 is that the asymmetric core shape affects the polarization mode in PCFs and splits the fields extended far beyond the core-cladding interface. It is noteworthy to confirm that if a large birefringence is desired, the parameters of PCFs are limited by the requirement for mode profiles exhibiting high field intensities in the core region.
The effective index and birefringence of PCFs are relative to the varying wavelength. As expected, the difference between the two polarized direction modes in the cladding asymmetry causes a high birefringence in PCFs. Figure 3 shows birefringence as a function of wavelength ranging from ¼ 0:8 to 2.0 mm, whereas the hole spacing remains constant at Ã ¼ 1:96 mm, ¼ r 1 =r 3 ¼ 5:5, and r 1 =r 2 ¼ r 3 =r 4 ¼ 0:75. It can be clearly observed that the birefringence is sensitive to the varying wavelength , and the birefringence of the rotational binary unit cell is higher than that of the nonrotational binary unit cell. As shown in Fig. 3 , the family curves of birefringence shift upward, corresponding to an increase in wavelength. Namely, wavelength is also one of the key factors in determining the localization extent of the transverse mode. The dispersion curve of ¼ 5 is very near the result of ¼ 0 , and the results of more than 15 start to shift upward compared with that of ¼ 0 . The corresponding wavelength ¼ 1:55 mm with birefringence reaches its À3 due to the effect of the rotational binary unit cell. It can be indicated that rotating the angle of binary unit cell in the PCF cladding increases birefringence. The increment is much more significant at long wavelengths than at short wavelengths. With the appropriate rotational angle of the binary unit cell ranging from ¼ 15 to 40 for the example shown in Figs. 2 and 3 , a high birefringence may be achieved.
We further studied the effect of elliptical air-hole angle on rotation-induced birefringence of PCFs. . The effect of rotating the angle of the binary unit cell in the PCF cladding on birefringence stability is also significant, as shown in Fig. 5 . It can clearly be observed that the higher the rotational angle , the higher the birefringence. The birefringence of the rotational binary unit cell of elliptical air holes in PCF that is higher than that of the nonrotational binary unit cell, can be assumed to be due to the contribution of the rotation effect, which lead to more fields confined in the core region; thus, birefringence is more stable even in the case of 10 rings.
FEM with PMLs, which are placed before the outer boundary can be used to calculate the confinement loss of PCFs. The imaginary part of complex effective index represents the loss. As described in refs. 25 and 26 for small holes and few hole rings, the confinement loss is huge, but decreases rapidly as air hole diameter increases or more hole rings are employed. Figure 6 shows the confinement loss with the fixed parameters, namely, ¼ 1:55 mm, Ã ¼ 1:96 mm, r 1 =r 2 ¼ r 3 =r 4 ¼ 0:75, and the number of rings ranging from N ¼ 4 to 7 (because N ¼ 7, the caculation of the confinement loss using FEM with PMLs is out of our computer memory). It can be observed in Fig. 6 , that the confinement losses of at different rotational angles are 0.2557 dB/km (for ¼ 0 ), 0.3301 dB/km (for ¼ 15 ), and 0.7495 dB/km (for ¼ 35 ), when the number of air hole rings N is 7. This shows that the effect of rotational binary unit cell on the optical loss (mode confinement) is small, even in the case of rotational angle ¼ 35 . In conclusion, a Hi-Bi index-guiding elliptical air-hole PCF with a rotational binary unit cell in a PCF cladding is successfully demonstrated numerically using the finite element method. The Hi-Bi PCF is assigned to the different sizes of elliptical air holes and the rotational effect. The rotational elliptical air holes as a binary unit cell in a PCF cladding could provide a new degree of freedom to design birefringence in optical waveguides. The birefringence of a fundamental mode in such a PCF is analyzed by utilizing the intrinsically large index contrast of the PCF in combination with rotational binary unit cell cladding designs. We have found that it is possible to enhance birefringence as high as a magnitude of the order of 10 À2 , which is at least two orders of magnitude higher than that for conventional Hi-Bi fibers 7) and one order of magnitude higher than that reported for other PCF structures. 3, 7, 25) There are many methods for inducing birefringence in PCFs. The key point is to destroy the symmetry of the structure and determine the effective index difference between the two orthogonal polarization states. The suggested structure possesses a high birefringence to separate the two polarization modes. Our simulation results provide valuable insight into the realization of a PCF with a higher birefringence than that indicated in the literature and give a new viewpoint for the characterization and design of high-birefringence PCFs.
